ABSTRACT: The importance of non-harvested areas, marine protected areas, and management and exploitation areas (= harvest-controlled) as seeding areas of Concholepas concholepas (Bruguière, 1789) larvae was quantitatively evaluated at intertidal and subtidal sites at Las Cruces, central Chile. Egg capsules of C. concholepas were sampled along both intertidal and subtidal strip-transects monthly in harvested, harvest-controlled and non-harvested areas from September 1990 to December 1993. Additionally, egg capsules of C. concholepas were sampled at subtidal sites in the 3 categories of areas during 1993 and 1994. Spawning activity of C. concholepas was consistently concentrated between February and July in both the intertidal and the subtidal zones. The total area occupied by egg capsules of C. concholepas was larger in non-harvested than in harvested areas; moreover, larger capsules were found in non-harvested areas. These differences in total surface occupied by egg capsules and their sizes have an important impact on the estimated number of C. concholepas larvae that would be released from harvested and non-harvested areas. We conclude that protected areas may play an important role in the natural replenishment of C. concholepas stocks.
INTRODUCTION
No-take marine protected areas (MPAs) and management and exploitation areas (MEAs; Castilla 1994 Castilla , 1996 represent 2 of the most promising management tools for sustainable exploitation of nearshore marine benthic resources (Castilla 2000) . There is a growing literature (Bohnsack 1993 , Castilla 1994 , Fernández & Castilla 1997 , Castilla & Fernández 1998 ) on the positive effects of MPAs and MEAs on nearshore resources (population and biomass replenishment, increases in size of individuals and in capture per unit effort) following (1) total closure of nearshore areas (e.g. for crabs); (2) implementation of rotating harvesting systems (e.g. for sea urchins); and (3) allocation of small-scale fishery rights . Nevertheless, there is little quantitative evidence on the role played effects of MPAs and MEAs on larval export. Castilla & Schmiede (1979) addressed the role of 'buffer' inshore areas (i.e. underfished areas) along the Chilean coastline. They hypothesized that larvae generated there greatly outnumbered those produced in overfished grounds and could be instrumental in restocking populations of valuable benthic invertebrates such as the muricid gastropod Concholepas concholepas (Bruguière, 1789) , known in Chile as 'loco'. The assumption was that increases in density and individual size in an underfished population would affect reproductive output.
Our study on the gastropod Concholepas concholepas (Castilla 1982 (Castilla , 1988a ) presents data on intertidal & Castilla 1986 ). Five strip-transects (Eberhardt 1978) , 100 m long × 2 m wide, and parallel to the shore line, were randomly selected at the beginning of the study and monitored monthly during low tides between September 1990 and December 1994 in each area. The transects were in the mid-low intertidal belt, at the Lessonia nigrescens level (Santelices et al. 1980 , Castilla 1981 , 1988b , and were identified with plastic markers fixed to rocks with epoxy resin. Within each area, Concholepas concholepas egg capsules (Castilla & Cancino 1976) cemented (i.e. deposited by snails) to the rocks were monitored monthly. This included drawing maps and determining the surface occupied by newly deposited egg capsules. This was done simultaneously by 2 scientists along each transect. The egg capsules were classified to stage and condition according to color, as determined in previous field and laboratory observations: (1) full white-yellowish capsules were considered to have been deposited within the preceding 20 to 30 d; (2) brownish capsules were considered to have been deposited in the preceding 30 to 40 d; (3) pink capsules were classified as containing physically stressed or infected embryos (Spight 1977) ; (4) empty undamaged white capsules were considered as hatched. Capsules remain cemented to the substratum for about 3 mo during the egg development (Castilla & Cancino 1976) and about 1 to 2 further months after the larvae hatch (Manríquez pers. obs.). The surface occupied by each group of capsules was estimated by tracing the borders onto transparent acetate sheets, which were later digitized in the laboratory with a digital planimeter (USHIKATA, Digi-Plan 220L). The number of capsules per unit surface was estimated from previous counts of the number of egg capsules found in groups of known surface area. For egg capsules found cemented in narrow crevices, the surface area was estimated according to the closest geometrical figure measured with a caliper to the nearest 1 mm. Groups of capsules deposited by an individual female always face in the same direction and are of approximately the same length (Castilla & Cancino 1976) . The length of capsules within a group was determined by measuring 1 detached capsule per group to the nearest 1 mm. Sizefrequency distribution differences of capsules between the no-take, semi-protected and open-access fishery areas were tested with a Kolmogorov-Smirnov test. Annual production of larvae was calculated from measurements of area occupied by capsules and from capsule size. The area occupied by capsules was transformed into number of capsules and the number of capsules into number of larvae by using regressions of the relationships between (1) number of capsules per surface unit versus capsule length, and (2) number of larvae versus capsule length. The number of larvae per capsule was obtained from capsules collected from intertidal and subtidal areas and from the walls of storage tanks at the Estación Costera de Investigaciones Marinas (ECIM) at Las Cruces, by the methods described by Castilla & Cancino (1976) . Analyses of covariance (ANCOVA) were used to compare the regression lines between collection sites (i.e. intertidal, subtidal and laboratory conditions), relating the covariate and the response variables. Where we failed to reject the hypothesis of homogeneity of the slopes and the hypothesis of intercept equality, a single regression model was used to represent the data set for all 3 collection sites combined. However, when the slopes were parallel and the intercepts significantly different from each other, an individual regression line for each collection site was used in the estimations of the response variables. All ANCOVAs were performed using a range of those covariates for which the response variables were represented at all 3 collection sites. When intercepts differed, a multiple comparison procedure based on adjusted means was used to test the differences among collection sites. To assure an overall protection level, only probabilities associated with preplanned comparisons were used (i.e. intertidal vs subtidal sites). The population density and size (maximum peristomal length; Castilla 1974) of adults observed in each transect were evaluated at the peak of mass spawning (Castilla 1982) during the low tides of April 1991 and April 1993. Only specimens over 2 cm were counted; those larger than 5 cm were considered as reproductively mature (Herrera & Alvial 1983 , Durán & Castilla 1988 .
The subtidal study was carried out between January 1993 and September 1994 at the management and exploitation (MEA) area of Caleta El Quisco (33°23' S, 71°42' W) (Fig. 1) . Sampling by diving was attempted monthly, with emphasis on June and July, at the end of the spawning season (Castilla 1982) . The El Quisco MEA has a subtidal area of approximately 54 ha. It was assigned by the government to the El Quisco fishermens' Union in 1993. By using this official figure, the El Quisco fishermens' Union was legally allowed to control fishing exploitation in this fishing ground. The contrasting adjacent study site, an open-access fishery ground, is at Taulauque (33°25' S, 71°42' W), about 4 to 5 km south of the MEA. Taulauque, with approximately 15 ha of sea bottom, is constantly exposed to shellfish exploitation, and Concholepas concholepas are taken by divers during the open fishing period, as well as during the closed season, when poaching occurs ). The El Quisco MEA was divided into 5 zones of about 10 ha of sea bottom each. C. concholepas egg capsules were assessed by 1 diver (SCUBA) swimming along rocky strip-transects, 30 m long and 3 m wide (n = 34), perpendicular to the shore line, and divided into 10 continuous quadrats of 3 × 3 m. A 3 m long aluminum rod was used by a second diver in charge of transect location, quadrat area determinations, and egg capsule measurements.
To determine the number of capsules spawned, censuses were conducted at the El Quisco MEA and at Taulauque in July 1993 and September 1994 (it was not possible to dive at other times). Censuses included enumeration of newly cemented (white), old unhatched (brownish) and empty capsules in the transects. To estimate the number of egg capsules cemented by individual Concholepas concholepas females during an entire spawning season, a series of observations was made in both the laboratory and field. Specimens were tagged with plastic numbers cemented to their shells. In the laboratory and in the field, females tend to remain on the same spot during a spawning event (Castilla & Cancino 1976) , and capsules laid by a female show the same orientation and are of approximately the same size (Castilla & Cancino 1976 , Ramorino 1979 . These features were used to assess groups of capsules as deposited in a single spawning events and to measure the surface occupied by capsule groups. In the laboratory between 1991 and 1996, 30 specimens from the Las Cruces intertidal rocky shore, with a 1:1 sex ratio (Castilla 1974) , were maintained at ECIM in a 100 l fiberglass rearing tank (flow-through seawater, temperature 13 to 16°C, air continuously bubbled from an oil-free compressor), and fed ad libitum with living mussels (Perumytilus purpuratus). In the field, 20 females collected from the Las Cruces intertidal were measured, tagged, and returned to the collection site. Twice a month, between January and September 1991, the females were monitored during the lowest tides. If they were cementing egg capsules, the surface of the laying area and the size of 1 capsule in the group were measured by means of the mapping methodology described above. To avoid disturbing the laying process, females were not detached during the measurements.
RESULTS
Larger Concholepas concholepas females produced larger egg capsules (Fig. 2a) . This tendency was independent of collection site (intertidal or subtidal) or laboratory conditions. The ANCOVA examining egg capsule length as a function of female length for each collection site shows homogeneous slopes (F (2,119) = 0.13, p > 0.05); and intercepts that do not differ significantly (F (2,121) = 0.90, p > 0.05). The number of larvae inside the capsules increased linearly with increasing length of the capsules (Fig. 2b) . The ANCOVA examining number of larvae as a function of capsule length for each collection site indicates homogeneity of slopes (F (2,175) = 1.88, p > 0.05). However, intercepts were significantly different (F (2,177) = 5.05, p < 0.05). A multiple comparison procedure indicated significant differences (p < 0.05) between the intertidal and subtidal intercepts; therefore, 2 regressions were used to calculate the number of larvae produced by intertidal and subtidal transects (see Fig. 2b ). The number of capsules cemented per cm 2 decreased linearly with increasing of capsule size (Fig. 2c) . The ANCOVA examining number of capsules cemented per cm 2 as a function of capsule size for each collection site indicated homogeneity of slopes (F (2,96) = 2.63, p > 0.05), and significant differences among the intercepts (F (2,98) = 5.57, p < 0.05). A multiple comparison procedure detected significant differences among transects from the intertidal and subtidal (p < 0.05); therefore, 2 regressions were used to calculate the number of capsules cemented per cm 2 in intertidal and subtidal transects as a function of capsule size (see Fig. 2c ).
Intertidal area
Groups of mating and spawning Concholepas concholepas tend to gather at or near the same sites each year. Capsules were deposited mainly on vertical surfaces and crevices and only in few cases on horizontal surfaces. Most of the capsule masses were located close to the water level during the lowest tides (i.e. around the kelp, Lessonia nigrescens, belt; Santelices et al. 1980 , Castilla 1981 , 1988b (Fig. 3) . The density and size distribution of individuals in the 3 intertidal areas varied. The average density in the open-access area was very low, 0.01 m -2 ; in the semi-protected area it lay between 0.11 and 0.16 m (Table 1) . Mean density in the MPA transects was about 2 orders of magnitude higher than in the other 2 areas (Table 1) . Correspondingly, in 1990 to 1993, the mean size of the capsules (1.67 to 1.83 cm) deposited in the MPA was significantly larger than in the semi-protected area (1.32 to 1.65 cm; see Kolmogorov-Smirnov tests: Fig. 4 ). Capsule densities in the intertidal transects at the Las Cruces MPA and adjacent semi-protected area (and on 1 occasion at the adjacent open-access area) peaked around April/May, with a maximum mean of about 0.2 m 2 capsule surfacecover per 1 m 2 rock (Fig. 5 ). An increase in capsule density of up to 3 orders of magnitude was observed at the MPA (Fig. 5a ) compared to the adjacent semi-protected and open-access areas (Fig. 5b,c) . Table 2 summarizes the estimated average number of Concholepas concholepas larvae hatching annually (1990 to 1993) from the capsules monitored at the Las Cruces MPA and the adjacent semi-protected area (the 1990 data are based on a single sample made in September) . The adjacent open-access area provides a dramatic contrast with practically no larvae hatching. In 1991, a 100 m 2 transect in the MPA generated about 3 times as many larvae as an equivalent transect in the adjacent semi-protected area: 27.14 × 10 6 vs 8.93 × 10 6 . In 1993, the difference increased by approximately 37 times: 290.50 × 10 6 vs 7.58 × 10 6 (Table 2) Fig. 6 ). The mean length of capsules in the MEA ranged between 1.91 and 2.01 cm and was significantly larger than in the open-access area (1.53 to 1.64 cm, see Kolmogorow-Smirnov tests; Fig. 7) . Table 3 summarizes the estimated mean numbers of C. concholepas larvae hatching annually from a 90 m 2 transect in the MEA and in the open-access area. In 1993, a transect at the MEA produced a mean of 428.5 × 10 6 larvae, about 19 times more than in an open-access transect (Table 3) . Similarly, in 1994, a transect in the MEA produced a mean about 16 times more than in an open-access transect (Table 3) . 
DISCUSSION
Our results show the effects of a no-take area on production of Concholepas concholepas larvae. We suggest that the dramatic increase in production of larvae inside the no-take area reported in this study is the results of the decline or absence of fishing activity. We have no explanation for the 1 order of magnitude difference between the number of larvae produced in 1991 and in 1992/1993 inside the no-take intertidal MPA or for the less marked differences observed in the semi-protected area. These may have been the result of differences in the abundance of the reproductive stock in the intertidal as a consequence of a failure in the population's annual migration from the subtidal (Castilla 1982 , Castilla & Durán 1985 and/or natural fluctuations in reproductive effort.
While the present study does not directly address habitat impact (i.e. intertidal or subtidal) on the reproductive contribution of Concholepas concholepas, the similarity between the maximal number of C. concholepas larvae produced annually by intertidal and subtidal transects suggests similar reproductive contributions per unit area. However, since the reproductive stock of C. concholepas mainly occupies subtital habitats (Castilla 1982) , it is expected that, as a whole, the subtidal reproductive contribution is greater than the intertidal contribution.
Our observations agree with previous work (Castilla & Cancino 1976 , Durán & Castilla 1988 showing that larger Concholepas concholepas spawn larger capsules. However, unlike previous papers, our observations also included individuals in the field. As in early studies, deposition of egg capsules was associated with specimens larger than 4 to 5 cm. This agrees with the prediction for muricid gastropods made by Spight et al. (1974) that reproduction is delayed until a snail reaches a size at which it is capable of investing its entire annual net energy intake in eggs.
Our field and laboratory observations indicate that Concholepas concholepas larval production ranges from about 4 to 8 million per female during a spawning season. These numbers are similar to data from laboratory investigations by Durán & Castilla (1988) . The high densities and large body length of C. concholepas associated with the no-take area at Las Cruces are in agreement with previous studies (Castilla & Durán 1985 , Oliva & Castilla 1990 ). Our results suggest that spawning aggregations are concentrated between April and June in both the intertidal and subtidal habitats. This suggests synchronous spawning, and is also in agreement with previous work (Castilla 1974 , Castilla & Schmiede 1979 , Durán & Castilla 1988 . Spight (1977) suggested that patterns of spawning in intertidal muricid snails would be a compromise of the needs of different stages in their life history. Most intertidal aggregations and egg capsules of C. concholepas are located on vertical surfaces. Our observations suggest that females tend to lay egg capsules in the low intertidal, where exposures are less frequent and brief, and mainly on vertical surfaces and crevices, i.e. in optimal places for spawning and development.
In the laboratory, we found that developmental success of C. concholepas larvae in the egg capsules is linked to their orientation (i.e. vertical or horizontal), desiccation, and temperature. Furthermore, the laboratory study indicated that deformations or absence of the larval shell are associated with horizontal, upwardfacing surfaces. This illustrates the adaptive benefit of egg capsule deposition on vertical surfaces in maximizing development success, and is supported by our field observations of the presence of more egg capsules on these surfaces. The existence of a long larval dispersal phase (several months) in Concholepas concholepas (Gallardo 1979 , Ramorino 1979 , DiSalvo 1988 ) may allow adults reproducing within a no-take area to contribute to fishing grounds well outside the reserves. Because fishery mortality is very low to zero in the MPAs, and is controlled in the MEAs , both the density and the longevity of the contained organisms are increased. Thus, since egg capsule-production scales linearly with the number of females and with body size, more and larger egg capsules are produced each spawning season within the no-take area than in open fishing grounds. On exposed shores, most planktonic larvae of benthic organisms are unlikely to remain in the same place as their parents (Roughgarden et al. 1988 , Underwood & Fairweather 1989 . For feeding larvae of types for which there is no obvious physiological limit for settlement, time for growth to competence represents the minimum time to settlement. Similarly, a theoretical relationship between the duration of the competent-precompetent phase and energetics has been proposed by Jackson & Strathmann (1981) . A longer precompetent period should be balanced by a longer competent period to allow larvae to return to asuitable adult habitat. In C. concholepas, the precompetent period inferred from laboratory rearing of larvae is about 3 mo (DiSalvo 1988); however, the duration of the competent period is largely unknown. Our own unpublished experiments on competent C. concholepas larvae collected from the surface plankton suggest that they can successfully delay metamorphosis for up to 2 mo in the absence of potential inducers in the rearing vessels (i.e. presence of prey or conspecific juveniles in the habitats where larvae recruit). However, a full estimation of the competent period and the capacity for delaying metamorphosis in competent C. concholepas larvae would require information on their spatial distribution. Competent C. concholepas larvae caught in the surface plankton could correspond to late larval stages close to the shift from competent form to settling and successful metamorphosis. Consequently, the competent period may be longer than would be inferred from larvae caught in the surface plankton.
Little information is available on larval dispersal in Concholepas concholepas; however, high concentrations of competent C. concholepas larvae (i.e. capable of settling) have been reported in nearshore surface plankton (DiSalvo 1988, and authors' unpubl. data) . Our own unpublished laboratory observations suggest that the surface-seeking behavior of competent C. concholepas larvae could be coupled with their capacity to cling to pieces of substratum floating at the water surface. Our field observations also suggest that larval transport in C. concholepas may be augmented by floating or rafting. Previous studies have demonstrated that competent C. concholepas larvae can produce a mucous byssal thread that they can use for flotation, as the thread adheres to the water surface (DiSalvo 1988). These observations have been corroborated by our observations in the laboratory; however, our laboratory observations also suggest that the mucous thread can be used by competent larvae to adhere to substratum floating on the water surface (Manríquez & Castilla unpubl.) . Moreover, if larvae feed during the competent period, this stage could exceed the precompetent period, delaying metamorphosis until the larvae are passively transported to inshore shallow water. This suggests that dispersal from no-take or seeding areas could be greater than would be expected from energetic considerations alone.
The spatial scale of the effective seeding process in neighboring areas depends not only on larval behavior. Vertical dispersal or migration can also be affected by oceanographic processes such as internal waves, internal tidal bores and fronts (Shanks 1985 , Shanks & Wright 1987 . The effects of coastal circulation on larval dispersal, the spatial distribution of invertebrate recruitment, and their implications for management (i.e. spacing and size of no-take areas) have been considered in the literature (e.g. Wing et al. 1998) . Full appreciation of larval dispersal from notake areas will require the integration of larval biology and coastal oceanography to estimate both the potential and direction of dispersal distances.
Our quantitative evaluation of MPAs and MEAs as seeding areas confirms the importance of non-har-vested or harvest-controlled areas to nearshore resources. The potential benefit of protective management to spawning stocks and the provision of recruits to replenish fishing grounds has been shown in this field study. The idea that no-take marine reserves can serve as 'sources' of larvae to support 'sink' populations elsewhere has been proposed in the literature (Roberts 1998 , Castilla 2000 . Although increases in adult densities imply greater larval export from notake MPAs and MEAs, there is still no direct confirmation of this. Among methods for labeling and tracking marine invertebrate larvae (reviewed by Levin 1990) , genetic markers are the most promising. Genetic differences between populations of marine organisms revealed by mtDNA analysis have been proposed as an indirect estimator of larval dispersal (reviewed by Palumbi 1995) . Genetic tools could make it possible to identify the 'source' of larvae or recruits, demonstrate larval mixing during dispersal, and determine the scale on which dispersal from the 'source' populations takes place. However, genetic marking is only possible if genetic differentiation exists among potential source populations. To date little is known about genetic differentiation in natural populations of Concholepas concholepas. Guiñez et al. (1992) suggested the presence of at least 2 genetic units in C. concholepas and the absence of 1 panmictic population. Despite the fact that gastropods display a notorious interspecific plasticity in shell morphology (Palmer 1985) , our own observations on both shell morphology and ornamentation among natural populations of C. concholepas suggest the existence of geographically-differentiated subpopulations. Thus, these differences could correspond to genetically different stocks. However, contrary to Guiñez et al.'s (1992) results and to our observations, Gallardo & Carrasco (1996) reported reduced levels of demit subdivision in a natural population of C. concholepas. Based on genetic substructuring measured by standardized variance in allele frequency, these authors concluded that genetic cohesiveness and high levels of gene flow among populations of C. concholepas are achieved by larval interchange. Unfortunately, due to the limited number of Chilean MPAs and MEAs and consequent lack of replication (but see Lagos & Castilla 1997) , the potential of tagging DNA-based techniques cannot be explored because of the mixing of larvae from outside non-harvested and harvestcontrolled source areas and the expressive amount of work involved in finding marked larvae in plankton samples. Moreover, spatial variation in shell morphology could also reflect phenotypic plasticity associated with predators, hydrodynamics stress and other environmental cues (e.g. Palmer 1980 , Trussell 1997a .
We suggest that the concept of MPAs and MEAs as natural re-stocking areas (Castilla 1988c , 1999 , Bustamante & Castilla 1990 , Oliva & Castilla 1990 ) and the existence of 'buffer zones' along the Chilean coast (Castilla & Schmiede 1979) or 'source' areas (Roberts 1998 ) may be implemented as a coastal marineresource management strategy (Castilla 2000) . The presence of seasonal spawning aggregations, as in the case of Concholepas concholepas, suggests that this factor should be taken into account when designing no-take areas. Therefore, in order to assure reproductive output, fishing in marine protected areas (MPAs or MEAs) should be prohibited or regulated during the spawning seasons. From the data given herein, we conclude that the increases in density and body size of reproductive individuals that occur in no-take or harvest-controlled areas have important consequences in maximizing the reproductive capacity of a natural population. Thus, rather than being only a tool to preserve areas for scientific interest or enhance local benthic fisheries, MPAs and MEAs should be considered as sources of larval export to exploited areas. No-take areas have also proved to be an important source of juveniles and adults (Davis 1989 , Attwood & Bennett 1994 , an important additional benefit of these areas.
Whether protection of a spawning stock, leading to increased larval production, can effectively lead to replenishment of nearby fishing grounds is a question that should be addressed through genetic, nearshore oceanographic and larval behavior studies. Information about the spatial impact or effectiveness of nonharvested areas will make it possible to establish more effective management strategies (e.g. Roberts & Polunin 1991 , Carr & Reed 1993 , Attwood et al. 1997 , Allison et al. 1998 , Castilla & Fernández 1998 . Information on the spatial distribution, size, and number of the take, no-take and harvest-controlled areas will also be essential for the establishment of networks of interdependent MPAs and the balanced exploitation of benthic resources (Castilla 2000) .
